ABSTRACT The fifth-generation (5G) cellular mobile communications look promising with features that can help improving consumer experience and satisfaction. To be able to provide these features, more spectrum is required according to the Shannon-Hartley theorem. Spectrum is, however, a finite and scarce resource, and it can be allocated to a new service only when the spectral coexistence with other incumbents is ensured. New waveforms for 5G that differ from the conventional orthogonal frequency-division multiplexing (OFDM) are required in order to have a superior performance in terms of out-of-band emissions and to be able to utilize the fragmented spectrum in different bands. We developed the analytical models for evaluating the out-of-band emissions of the conventional cyclic prefix (CP)-OFDM as well as its alternatives: windowed OFDM and filtered OFDM, using their signal spectral modeling. The resulting expressions for the power spectral density (PSD) and the frequency-dependent rejection (FDR) involve simple closed-form expressions or easily computable integrals. We applied the expressions to the advanced minimum coupling loss model for assessing the feasibility of the spectral coexistence between the potential 5G systems (with linearized or nonlinear power amplifier) and the incumbent radar systems. The numerical simulation results indicate that both the windowed OFDM and filtered OFDM guarantee the coexistence at the low expense of the spectrum utilization and their coexistence performance can be reduced and reversed with nonlinearity distortion of the power amplifier.
a sinc shaped spectrum leading to high out-of-band emission, etc. Notwithstanding the fact that OFDM presents high spectrum efficiency through orthogonal frequency multiplexing, its out-of-band emission may not be acceptable without guard bands [1] . In 4G LTE specifically, about 10% of the allocated bandwidth is reserved as a guard band to allow room for the signals to attenuate in order to meet the spectrum mask. However, this is a complete waste of the precious spectrum resource. The frequency and the time resources in OFDM are uniformly divided into several equal-sized elements to carry information. In order to achieve orthogonality and to avoid either inter-symbol or channel interference, strict time and frequency alignment are needed. This results in heavy signaling to achieve the perfect synchronization, especially for the uplink transmission. An imperfect synchronization can lead to suboptimal performance.
Futuristic fifth-generation (5G) systems promise several advantages over previous systems, including high data rates, ultra-reliable low latency communication (URLLC), high spectral efficiency, massive connectivity, and improved energy efficiency [2] . In order to reap the benefits of 5G, new and efficient waveforms have been proposed by the industry experts and academia. So far, we know of the following proposed waveforms for 5G; windowed OFDM [3] , [4] , filter-bank multicarrier (FBMC) [5] [6] [7] , universal filtered multicarrier (UFMC) [8] , filtered OFDM [1] , [9] [10] [11] [12] , and fast convolution filtered CP-OFDM (FC-F-OFDM) [13] , [14] .
Filtering is a proven and effective way of suppressing sidelobes in OFDM. UFMC was introduced by AlcatelLucent [8] , where filtering is applied to a block of consecutive subcarriers, which provides low out-of-band emission. In multipath channels, UFMC severely suffers from high intersymbol interference leading to suboptimal performance. In filtered OFDM, the available bandwidth is divided into many sub-bands. This enables the support of a different set of services in different sub-bands with appropriately time-domain filtered waveforms [1] , [9] . On the other hand, Yli-Kaakinen et al. [13] proposed frequency-domain filtering approach with lower computational complexity and increased flexibility compared to the time-domain filtering. The filter design is based on optimized frequency domain windows that allows the balancing of the required minimum stopband attenuation, transition bandwidth, and error vector magnitude (EVM) performance.
Once spectrum sidelobes are reduced, a greater power of the signal is concentrated in the main lobe that helps in reducing the leakage power in the adjacent channel. In [8] block OFDM waveform was proposed that demonstrated an excellent frequency localization and can be integrated with the OFDM techniques and LTE principles. The literature [10] considered the low energy features of filtered OFDM signals in the guard band and proposed a novel resource sharing method to mitigate the cellular-user-induced interference on the D2D receiver. Also in [11] , the superiority of the filtered OFDM over the conventional OFDM was shown in terms of sidelobe suppression. Zhang et al. [12] established a mathematical model for a filtered OFDM system and a multirate filtered OFDM was also proposed to enable a low-complexity low-cost communication scenario, such as narrow-band internet-of-things (IoT). However, these works do not present anything in favor of coexistence and neither do they present any analytical expression for evaluating the amount of out-of-band emission.
Many countries are planning the use of 3 GHz for initial 5G services, along with millimeter wave frequency band [15] , [16] . However, the 3 GHz band is allocated to the radiolocation services in quite many countries, and a study on spectral coexistence (in-band or adjacent band compatibility) between the two services is essential for worldwide launch of 5G services. The spectral coexistence is typically assessed by calculating the potential radio interference power at an incumbent receiver (operating in-band or adjacent band) emitted from a new radio system and vice versa. On the basis of the interference calculation, the geographic and/or the spectral isolations to satisfy the predefined permissible interference level are quantified in general. Furthermore, the technical and operational measures as described in Table 1 could be proposed for attenuating the interference and accordingly ensuring the coexistence. This study, diversely named as coexistence study, compatibility study, sharing study, frequency sharing study,etc. in wireless standard activities, is an essential prerequisite for international or regional spectrum allocation (or coordination) conducted by the International Telecommunication Union-Radiocommunication (ITU-R) as well as each nation's spectrum management. In fact, World Radiocommunication Conference 2015 (WRC-15) requested ITU-R to perform a further study on coexistence between International Mobile Telecommunication (IMT) in the frequency band 3,300-3,400 MHz and radiolocation service below 3,300 MHz [17] . The ITU-R Report M.2111 [18] informs that significant frequency separation (greater than 59 MHz) is required to protect typical shipborne radars in 3 GHz band. It is crucial to study how much the new OFDM waveforms for 5G can reduce the frequency separation and enhance the efficiency of the spectrum utilization. 
B. RELATED WORKS AND CONTRIBUTIONS
Modeling and analyzing the amount of out-of-band emission of the OFDM waveforms is essential for the 5G coexistence study. Modeling the Power Spectral Density (PSD) of an OFDM waveform with zero guard interval (neither windowed nor filtered), Jo et al. [19] derived an analytic expression for the fraction of out-of-band OFDM power within the band of a victim receiver, named as interfering signal power loss. The mathematical expression is then applied to the coexistence study of fixed microwave pointto-point systems with OFDM-based IMT systems. The initial work has been extended to the analytical method, called the Advanced Minimum Coupling Loss (A-MCL) method for modeling the interference of OFDM systems with flexible spectrum usage [20] . The A-MCL method is further polished for the various coexistence studies [21] [22] [23] . Leveraging the PSD model of transmitting waveforms, the A-MCL method is beneficial in allowing for an accurate theoretical description of the spectral coexistence of wireless standards with flexible spectrum usage as well as static spectrum usage.
In order to address the coexistence problem between the wireless standards, literature developed effective ways to alleviate the problem of spectrum paucity. Spatial, temporal, frequency, and cognitive radio techniques are used to enable the wireless systems coexistence. For example, Raymond et al. [24] , [25] proposed and implemented the spatial and temporal techniques employed at the LTE system to share with the primary surveillance radar. Most of their modeling was based on the development of power control algorithms with little or no emphasis on the out-of-band emission of the systems considered. Projection of the cellular system's signals onto the null space of a primary radar was studied in [26] using a blinding learning technique developed in [27] .
The coexistence of 5G with other services is studied in the recent literature, Guidolin et al. They addressed the coexistence of fixed satellite service (FSS) and cellular networks, where the inference from the cellular BS to the FSS earth station in the 18 GHz band [28] and the interference from the cellular BS to the FSS earth station in the 28 GHz band [29] are evaluated. Kim et al. [30] considered the coexistence of 5G with incumbents in 28 GHz and 70 GHz millimeter wave spectrum. An extensive co-channel sharing scenario was considered to determine the minimum spatial separation from the primary user. Hattb et al. [31] analyzed the impact of 5G coexistence on the fixed stations using actual building databases. Hassan et al. [32] introduced the current status for spectrum usage in the Malaysian 5G candidate bands and evaluated the feasibility of coexistence between 5G and incumbent fixed services in the 28 GHz band. Using the Monte Carlo (MC) simulation, Kim et al. [33] computed the amount of interference rejection that is required to protect a fixed service system from 5G small cell networks at millimeter wave frequency bands, where at least 8.6 km, 5.5 km, and 1 km separation are respectively required for 28 GHz, 38 GHz, and 60 GHz 5G systems. In [34] , the first results on coexistence between 5G NR and LTE uplink are presented. Although all of these aforementioned works provided valuable information and technologies, none of them conducted a comparative study of 5G waveform candidates as well as conventional CP-OFDM for its coexistence with an analytical framework.
This work differs from other works in the following ways: First, we derived the closed-form (or quasi-closed) expressions for the PSD of cyclic prefix (CP)-OFDM, windowed OFDM, and filtered OFDM, from which the analytical expressions for the Frequency Dependent Rejection (FDR) of the OFDM waveforms are derived to quantify the number of their out-of-band emissions. Although not given in closed-form, the FDR expressions are easily implemented by numerical computing software, such as MATLAB. Moreover, we leveraged the FDR expressions to develop a new A-MCL model for evaluating the feasibility of the coexistence between incumbent radar systems and future 5G systems using the CP-OFDM, windowed OFDM and filtered OFDM. We also adopted the statistical clutter loss model newly developed by ITU for more accurate interference assessment. To the best of the authors' knowledge, this work is the first to develop an analytical model for evaluating the potential coexistence of 5G with other incumbent systems using the proposed waveforms.
We modeled the radio frequency interference for generic coexistence study in Section II, and derived the FDRs for the three types of OFDM waveforms in Section III. Section IV presents background and technical models for coexistence study on the radar interfered with 5G in the 3 GHz band. Sections V contains the numerical results that show the effect of the OFDM waveforms on the 5G coexistence with the radar. Concluding remarks and further applications are finally proposed in Section VI.
II. RADIO INTERFERENCE MODELING FOR COEXISTENCE STUDY
In modeling radio frequency interference for coexistence study, three basic methods can be applied. The first method is the minimum coupling loss (MCL) method which is very simple and static as well as deterministic in nature as it analyses a single interferer and a single victim [35] . It takes relatively very short time to implement. Despite the merits of this method, it produces very pessimistic results which cannot be entirely relied on for establishing the feasibility of coexistence. Secondly, the Monte Carlo (MC) method is accurate and very reliable as it analyses multiple interferers and victims. It models the system in a stochastic fashion to compute the aggregate interference [35] , [36] . Its implementation is time consuming. The enhanced MCL (E-MCL) method is an intermediate between the MCL and the MC [35] . The results produced by the E-MCL method are more accurate than the MCL but less reliable as compared to the MC method. The A-MCL method [20] is an extension of MCL with PSD analysis, which is a basic framework for this study.
Radio frequency interference, which is the signal emitted from an undesired transmitter, could degrade performances of a victim receiver. The power level of interference at the victim receiver's input (IF output) is generally given as [37] [38] [39] 
35134 VOLUME 7, 2019 where P T is output power of the transmitter in dBW, L FL,T is feeder link losses between output of the transmitter and input of the transmitting antenna, G T and G R are gains of the transmitting and the receiving antennas, L FL,R is feeder link losses between output of the receiving antenna and the receiver input, L POL is loss due to polarization mismatch of the receiving antenna, L P is propagation loss (incorporating clutter loss) between transmitting and receiving antennas, and L FDR is loss due to FDR. The FDR is a measure of the rejection produced by the receiver selectivity curve on an unwanted transmitter emission spectra. FDR is given by
where (f ) is the PSD of the complex baseband equivalent representation (or complex envelop) of the real-valued radio interfering signal, (f ) is the normalized frequency response of the receiver, and f is the frequency offset between the interfering transmitter and the victim receiver as shown in Fig. 1 . For the ideal flat response of
where W v is the channel bandwidth of a victim receiver. The area of a signal PSD is equal to the signal power, and thus we obtain the equation of P T = 10 log 10 The coexistence is ensured when the interference power given in (1) is less than the interference threshold which is given by
where INR th is the interference-to-noise ratio in dB at the receiver input necessary to maintain acceptable performance, and N R is the receiver inherent noise level in dBm given by
where k B is the Boltzmann constant, T is the absolute temperature, B is the receiver IF bandwidth, NF is the receiver noise figure in dB. Basically, the results of coexistence study are given in terms of the protection distance and the frequency separation. The protection distance is the minimum geographical separation between the interfering and victim systems that satisfies the condition of I ≤ I th , depending on the propagation loss of the interfering-to-victim link. The frequency separation is generally measured in terms of the frequency offset or the guard band illustrated in Fig. 1 , mainly depending on the FDR.
III. FREQUENCY-DEPENDENT REJECTION of OFDM WAVEFORMS
As shown in (3), FDR is mainly dependent on the PSD of the transmitting signal. We derived the analytic expression of the PSD of OFDM waveforms, from which their FDRs is obtained. Some promising popular OFDM waveforms for the current or future wireless standards, i.e. CP-OFDM, windowed OFDM, and the filtered OFDM with time-domain filtering are discussed. Another promising frequency-domain filtering based FC-F-OFDM is not studied, since its frequency-domain window weights are not given in the deterministic but is given by nonlinear optimization which precludes deriving analytic expression.
A. CP-OFDM
The transmitted baseband signal of CP-OFDM, i.e. the complex envelope of the real-valued transmitted CP-OFDM signal can be expressed as
where c n,k denotes the complex-valued data symbol modulated on the kth subcarrier of the nth OFDM symbol, p (t) is the pulse shaping window, T tot = T s + T g is the total symbol duration, T s and T g is the data symbol duration and the guard interval, respectively.
Under the assumption that the complex signals at each subcarrier are statistically independent and mutually orthogonal, the PSD expression of the OFDM signal with arbitrary pulse shaping is given as [3] , [4] 
where P s represents the variance of the data symbols c n,k as well as the power of a single OFDM subcarrier, 1 T s is the subcarrier spacing, and P (f ) is the Fourier transform of the pulse shaping window. We apply a rectangular pulse shaping to (6) , defined as
where
Using the time shifting property of the Fourier transform,
where the sinc function is defined as sinc (x) = sin (πx) πxfor x = 0, otherwise it is equal to one.
Combining (7) and (9), the PSD of CP-OFDM with rectangular pulse shaping is given by
From (3) and (10), we obtain a closed-form expression for the FDR of CP-OFDM, given by
where Si (x) = x 0 sin t tdt is the sine integral, and f (11) is derived in Appendix A. It should be noted that (11) is the expanded result of our previous study in [20] . In other words, for zero guard interval, (10) is the same as [20, eq. (2)]. Moreover, we can compute FDR way more easily using (11) without the infinite summation presented in (5) of [20] .
B. WINDOWED OFDM
To suppress out-of-band emissions, windowed OFDM adopts smooth time-windowing functions for pulse shaping As a typical example, a raised cosine function, w rc (t), of duration T w = T tot + T tr is adopted, given by
where T tr is the transition time. From (7) and the Fourier transform of (12) , the PSD of the windowed OFDM is given by
It should be noted that (13) is found in [3] and [4] , in which, the deriving process of W rc (f ) is not given in detail. We have thus provided a whole deriving process in Appendix B, which is highly applicable for the diverse forms of the raised cosine function. From (3) and (13), FDR of the windowed OFDM is given by
Although not closed-form expression, (14) can be easily implemented by numerical computing software. The FDR of the windowed OFDM is only affected by the three parameters; T tr , T s , and T tot , which is useful for OFDM system design controlling co-channel and adjacent channel interference.
C. FILTERED OFDM
The filtered OFDM signal x (t) is obtained by passing the CP-OFDM signal s (t) in (6) through a spectrum shaping filter. Thus, x (t) is given by the convolution of s (t) and the filter's impulse response h (t) as follows:
We adopted the spectrum shaping filter presented in [9] , which is designed from the soft truncation of a basic filter. The soft truncation is conducted by applying a time-window function, w (t) to the impulse response of the basic filter, g (t).
The impulse response of the softly truncated filter is given by
Here, we considered the sinc function of g (t) = W g sinc W g t , whose frequency response is the rectangular window with bandwidth W g , i.e.
f W g . To suppress out-of-band emissions, the basic filter is softly truncated by adopting smooth time-windowing functions such as Hanning, Hamming, and Blackman windows. As a typical example, the Hanning window of duration T w is adopted, given by
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The PSD of the filtered OFDM signal is given by
where f u = T w f + W g 2 , and f l = T w f − W g 2 . Equation (18) is derived in Appendix C. It should be noted that PSD of the filtered OFDM can be found in quasi-closed form since Si (x) can be evaluated as easily as a basic trigonometric function by a numerical computing software. From (3) and (18), the FDR of the filtered OFDM is given by
Although not closed-form expression, (19) is analytically tractable and can be easily implemented by a numerical computing software. The FDR of the filtered OFDM is only affected by the four parameters; T w , T s , T tot , and W g , which is useful for the OFDM system design controlling co-channel and adjacent channel interference.
D. PERFORMANCE COMPARISON
The simulation parameters are presented in Table 2 . A typical value of LTE systems with 10 MHz channel is adopted. The PSDs of CP-OFDM, windowed OFDM, and filtered OFDM are shown in Fig. 2 . The simulated PSDs are almost close to the analytical results. Out-of-band emission of the filtered OFDM is remarkably reduced compared to the other two OFDM waveforms. FDRs versus guard band for the three OFDM waveforms are plotted in Fig. 3 . The guard band is defined as the frequency separation between the innermost edges of the channel of interfering LTE BS and the channel of the victim receiver as shown in Fig. 1 . Since the lower level of outof-band emission results in the smaller denominator in (3), FDR increases in the order of CP-OFDM, windowed OFDM, and filtered OFDM. It should be noted that even adopting larger guard band is not effective in ensuring coexistence between the CP-OFDM and other radio systems because of slow increase in the FDR. Whereas, interference power from the filtered OFDM and windowed OFDM are significantly attenuated for smaller guard band. The results in Figs. 2 and 3 are obtained by assuming a linearized power amplifier that could be achieved by joint peak to average power ratio (PAPR) reduction and linearization [40] [41] [42] . 
E. POWER AMPLIFIER NONLINEARITY
Nonlinear distortion due to power amplifier degrades signal quality. Most power amplifiers currently applied to wireless communication devices are solid-state power amplifiers. A mathematical equation was developed for modeling the behavior of solid-state power amplifiers by Christopher Rapp. The Rapp model [43] is one of the most commonly used models for solid-state power amplifiers and its amplitude-to-amplitude (AM-AM) distortion, is given by
where V sat is the input saturation voltage of power amplifier and p is the smoothness factor. Rapp models for varying p, as shown in Fig. 4 , produce a smooth transition for the envelope characteristic as the input amplitude approaches saturation. In practice, to mitigate the impacts of the nonlinear distortion, the power amplifier operates at an input back-off (IBO) from a given saturation level as follows.
where σ 2 is the mean power of the signal input to the power amplifier. OFDM modulation with nonconstant envelope signals needs to be 6 to 12 dB back off for the power amplifier to operate in a more linear region [44] . From IEEE standards documentation, it is commonly accepted that the Rapp model with the values of p within the range of 2 to 3 well captures the nonlinearity of the realistic power amplifiers [45] , but the values of p around 1 are also used in the literature [46] , [47] . We thus, obtain the simulation results of PSD and FDR for IBO of 10 dB and p = 1, 2, and 3. Figs. 5 and 6 show the PSDs and FDRs considering power amplifier nonlinearity, respectively. Unlike in Fig. 3 , windowed OFDM PSD has a lower sidelobe as compared to the filtered OFDM for all values of p. Moreover, filtered OFDM PSD level in the adjacent band of 5 to 12 MHz is the highest for p = 1, which results in the lowest FDR of filtered OFDM as shown in Fig. 6(a) . It should be noted that the sidelobe suppression performance of windowed and filterd OFDM can be reversed depending on the power amplifier nonlinearity.
IV. COEXISTENCE BETWEEN 5G IMT AND RADAR IN 3 GHz BAND: TECHNICAL CHARACTERISTICS AND MODELS

A. BACKGROUND
There is globally a growing interest in using the frequency bands in 3.3-3.8 GHz for initial commercial 5G services. Some countries have specified the spectrum band for 5G service (e.g., 3.7-4.2 GHz in the US, 3.4-3.8 GHz in EU, and 3.4-3.7 GHz in Korea, and 3.3-3.6 GHz in China) [15] , [16] . Meanwhile, in the ITU Radio Regulations (RR) [48] , the frequency band 3,100-3,300 MHz is allocated to the radiolocation service on a primary basis, and earth exploration and space research on a secondary basis. The frequency band 3,300-3,400 MHz is also predominantly used for radar systems in a number of countries across the world. Whereas, a significant number of countries have no deployments in the band. At WRC-15, the band was allocated, on a primary basis, to the mobile service in a number of countries in accordance with RR footnotes 5.429, 5.429A, 5.429C and 5.429E. The band was also allocated for IMT, in accordance with RR footnotes 5.429B, 5.429D and 5.429F, in many other countries.
A lot of studies have already been carried out at ITU-R to discuss the potential coexistence of IMT systems with radar systems in the 3 GHz frequency range [18] , [49] . Nevertheless, WRC-15 requested ITU-R to perform further work on compatibility and coexistence in this band. This is in Resolution 223 [17] , which invites ITU-R, among other things to further study adjacent band compatibility between IMT in the frequency band 3,300-3,400 MHz and radiolocation service below 3,300 MHz. In this context, we compare the results on the coexistence between 5G IMT with CP-OFDM, windowed OFDM, or filtered OFDM in 3,300-3,400 MHz and radar systems below 3,300 MHz.
B. INTERFERENCE SCENARIO
A coastal area scenario is considered where a 5G IMT BS is assumed to be located at a shoreline in Incheon, Korea as shown in Fig. 7 . Ship-based radiolocation radars B and C defined in Recommendation ITU-R M.1465 [50] receive interference from the single entry 5G IMT BS operating in the adjacent channel. The radar channels are centered at 3,300 MHz and the channel of 5G IMT BS is centered at a higher frequency with a given guard band. The worst case is studied where the peak antenna gain is taken for the radars, and peak antenna gain with a loss due to the antenna tilting is applied for the BS as shown in Fig. 7 . Owing to much lower EIRP of 5G IMT user equipment (UE), the separation distance required to protect radars from the UE would be much shorter than the distance required to protect from 5G IMT BS. The interference due to 5G IMT UE is consequently not assessed in this paper. Table 3 presents generic BS characteristics configured in the Report ITU-R M.2292 [51] . Recommendation ITU-R M.1465 [50] provides radiolocation radar characteristics operating in the frequency range 3,100-3,700 MHz. Part of the parameters for sharing study are summarized in Table 4 , where the allowable interference power I th is given by (4) . For the worst case study, we adopted radars B and C with the lowest allowable interference powers among candidates, and assumed their peak antenna gains as the interference power at the radar receiver highly decreases in case of antenna sidelobe reception. Recommendation ITU-R F.1336 [52] . This recommendation is released to offer reference radiation patterns of omnidirectional, sectoral, and other antennas for the fixed and mobile services for use in sharing studies in the frequency range from 400 MHz to about 70 GHz. In Fig. 7 , the antenna gain at zero elevation angle is 10.44 and 5.81 dBi for the downtilting of 6ř and 10ř, respectively. Considering antenna downtilting of 6ř for suburban and 10ř for urban in Table 2 and the assumption that the victim radar antenna is at zero elevation and azimuth angle, the antenna gains of 10.44 dB and 5.81 dB are adopted.
D. PROPAGATION MODEL AND INTERFERENCE CRITERIA 1) PROPAGATION MODEL
The propagation between IMT system and ship based radars is modeled by ITU-R recommendation P.452-16 [53] . Free software (Excel spreadsheet and MATLAB script) for the model implementation can be downloaded from ITU website [54] . The model is aimed at predicting interference potential between stations on the earth's surface (land as well as sea) for frequencies in the range of approximately 0.1 GHz to 50 GHz. The model provides mathematical methods to compute propagation losses for time percentages over the range 0.001% ≤ p ≤ 50%. The model outputs larger path loss for the higher time percentage as shown in Fig. 9 , which informs stronger interference occurs for shorter periods of time. It should be noted that this assumption does not imply that the maximum loss will be at p = 50%.
When p is a small percentage of the time, in the range 0.001% ≤ p ≤ 1%, the interference is referred to as short term, whereas it is referred to as long term for p equal to or larger than 20% [55] , [56] . The typical values of long term (20%) and short term (1%) interferences are evaluated in this study. The parameters of P.452 model adopted for this study are listed in Table 5 , where the antenna height above the mean sea level equals the antenna height given in Table 2 and 3 . Here, we assumed that the ground height above the mean sea level at transmitting or receiving station is zero.
2) CLUTTER MODEL
Recommendation ITU-R P.2108 [57] recently released three up-to-date models for computing clutter loss that refers to additional loss due to the wireless terminal antennas being embedded in local clutter (e.g., buildings, vegetation) in an urban or suburban environment at frequencies between 30 MHz and 100 GHz. Free software (Excel spreadsheet) for the model implementation is downloadable from the ITU website [54] . Two statistical models are provided to estimate clutter loss as a function of probability. One model (in section 3.2) addresses terrestrial paths, whereas the other model (in section 3.3) is for an inclined path where the terrestrial end of the path is within the clutter. Practical situations where clutter loss is negligible have also been accounted. These models have been developed using measurement results as well as analytical models, particularly in urban environments. The model in section 3.3 of the Recommendation is not applicable to BSs in the suburban open-space hotspot environment, because here the clutter loss is expected to be insignificant.
We adopted the clutter model that combines a percentage of above rooftop BSs without clutter loss and a percentage of below rooftop BSs with clutter loss defined in [57, Sec. 3.2] , according to the percentages of below rooftop BS antenna deployment presented in Table 2 . Clutter loss is therefore not applicable to the macro suburban BS with zero percentage of below rooftop antenna deployment. Fig. 10 plots a curve of clutter loss not exceeded for percentage q, of locations at 3.3 GHz, calculated by [57] L ctt = −5 log 10 −0.2L l + 10 −0.2L s −6Q −1 (q/100) , (22) where Q −1 (q/100) is the inverse complementary normal distribution function, and
where f is the frequency in GHz and d is the total path length in km. Fig. 11 shows the median clutter loss computed by (22) FIGURE 10. ITU-R Rec M.2108: Clutter loss not exceeded for percentage of locations for the distance larger than 1 km, at 3.3 GHz. with q = 50 versus the total path length. The values increase for the path length but converge a certain value over about 1 km.
3) INTERFERENCE CRITERION
Signals received by radars from other systems could generate different types of degradation of performances. Desensitization is generally observed due to low level of interfering VOLUME 7, 2019 signals, and saturation or blocking of receivers could be observed for larger interfering signals. Recommendation ITU-R M.1465 [50] provides the radar interference criterion in the radiolocation service given as INR th = −6 dB as shown in Table 4 . An INR th of −6 dB results in a (I +N R )/N R of 1.26, i.e. about 1 dB increase in the radar receiver noise power. 
V. COEXISTENCE BETWEEN 5G AND RADAR IN 3 GHz BAND: RESULTS FOR THE OFDM WAVEFORMS
The A-MCL modeling developed in Sections II and III is applied to estimate the potential interference power from the 5G BS in a single entry worst case scenario as described in Section IV. The inference power is computed by (1), where the power, antenna gain, and feeder loss of a transmitter are given in Table 3 , and the antenna gain and feeder loss of a receiver are given in Table 4 . The propagation loss L P is computed as the sum of the values of P.452 path loss and P.2018 clutter loss. No clutter loss is applied to the suburban macro BS, and median clutter loss of 28 dB is applied to the urban macro and micro BSs. Interference to noise power ratio is computed thereafter. The protection distance and the guard band are some of the basic technical parameters of spectrum management for ensuring a coexistence between 5G and other radio systems. We therefore analyze protection distance and guard band, and their tradeoffs for the coexistence. As the BS is assumed to be fixed at a shoreline, the protection distances refer to the minimum distance of the ship-based radar from the shoreline. Tables 6 and 7 present protection distances for the shipbased radars interfered with the BS employing linearized amplifier and nonlinear amplifier, respectively. Since the FDR of CP-OFDM slowly decreases for increasing guard band as shown in Fig. 3 , large protection distances (e.g. band and below 100 m for urban macro BS with a nonlinear amplifier in 20 MHz guard band), due to their lower out-ofband emission.
These performance gaps are observed in Fig. 12 . With a linearized amplifier, filtered OFDM and windowed OFDM respectively need approximately 0 MHz and 1 MHz guard bands for securing the 100 m protection distance, whereas CP-OFDM is incompetent even with the 20 MHz guard band. With a nonlinear amplifier, both filtered and windowed OFDM require much wider guard bands of approximately 18 MHz and 16 MHz for securing the 100 m protection distance, whereas CP-OFDM requires almost the same guard band as in the case of a linear amplifier. We also observed that the protection distances for 1 and 20 percentage are almost equal to or less than 1 km, because the propagation loss of sea path within several kilometers remains almost unchanged for varying time percentages, as shown in Fig. 9 .
These numerical results indicate that with a linearized amplifier, filtered OFDM needs the shortest protection distance, whereas with a nonlinear amplifier, the windowed OFDM requires the shortest protection distance. As a result, VOLUME 7, 2019 when considering nonlinearity of power amplifier, the performance gap between filtered and windowed OFDM is reduced, and the performance of both technologies can be reversed to the extent that the system variable changes. CP-OFDM needs the interference mitigation techniques listed in Table 1 to reduce its interference power at the radars. However, the spectrum manager or system designer should note that employing these techniques can involve performance loss of interfering systems. Table 8 presents the minimum FDR for fulfilling the radar interference criterion for a given separation distance. The minimum FDR is computed by combining (3) and (4) as
These data can be useful for physical layer designers to directly map their current implementation to the coexistence condition.
VI. CONCLUSION
The analytical expression of the FDR of CP-OFDM, windowed OFDM, and filtered OFDM are derived. To this end, the PSDs of CP-OFDM and windowed OFDM are reviewed, and the PSD of filtered OFDM with the Hanning window is newly derived. The FDR models are applied to the spectral coexistence study of 5G IMT systems with various types of radars. Both windowed and filtered OFDM require much shorter protection distance than CP-OFDM due to their lower out-of-band emissions. In the case of a linearized amplifier, the filtered OFDM IMT BS requires smaller protection distance compared to the windowed OFDM, whereas the windowed OFDM outperforms the filtered OFDM in the case of a nonlinear power amplifier. When considering nonlinear distortion of power amplifier, the sidelobe suppression performance of filtered and windowed OFDM can be highly dependent and can get reversed with changes in the system parameters such as the window length and filter order.
In addition to coexistence study, the proposed analytical expressions of the PSD and FDR can be applied to the system design of 5G or other new wireless systems with OFDM waveforms for i) investigating their compliance with regulatory spectrum masks, ii) allocating the guard subcarriers on either side of the OFDM channel band, iii) performance evaluation of the OFDM waveforms in a typical multiuser asynchronous access scheme, and iv) MC simulations to investigate the mutual inference of BS-to-BS, BS-to-UE, UEto-UE conducted by the telecommunications standards such as the 3rd Generation Partnership Project (3GPP).
APPENDIX
A. FDR OF CP-OFDM
Assuming that subcarrier signals are statistically independent and mutually orthogonal, we derive the PSD of OFDM signals by summing the PSD of each subcarrier as follows.
Let define symbols as
Using the equality of
, we obtain the FDR in (11).
B. PSD OF WINDOWED OFDM
Since w rc (t) is an even real function, its Fourier transform is simplified as
Substituting (12) into (28) and using t 1 = (T tot − T tr ) 2 and t 2 = (T tot + T tr ) 2, we obtain
Using sin (x) + sin (y) = 2 sin (x + y) 2 cos (x − y) 2 , the W rc (f ) can be expressed as
Substituting t 1 + t 2 = T tot and t 2 − t 1 = T tr into (27) , we obtain
Finally |P (f )| 2 is expressed as
Substituting the above equation into (7), we obtain the PSD in (13).
C. PSD OF FILTERED OFDM
The PSD of the filtered OFDM is given by
The frequency response of the basic filter is given by
The Fourier transform of the time-window function is given by
where (a) is given because w (t) is an even real function. The convolution of G (f ) and W (f ) is given by
Using the substitutions t = T w (f − φ), f u = T w f + W g 2 , and f l = T w f − W g 2 , the convolution is rewritten as,
37) where (a) is given from sinc (t) (1 − t) 2 dt = [2Si (πt) − . Si (π − πt) + Si (π + πt)] / (2π ). Substituting (37) into (33), we obtain the PSD expression in (18 
